A granddaughter design was used to locate quantitative trait loci determining conformation and functional traits in dairy cattle. In this granddaughter design, consisting of 20 Holstein Friesian grandsires and 833 sons, genotypes were determined for 277 microsatellite markers covering the whole genome. Breeding values for 27 traits, regarding conformation (18), fertility (2), birth (4), workability (2), and udder health (1), were evaluated in an across-family analysis using multimarker regression. Significance thresholds were determined using a permutation test.
INTRODUCTION
Most economically important traits in dairy cattle production are influenced by many genes as well as environmental factors. Breeding programs aim at selecting animals with the most favorable set of genes to produce animals for the next generation. Selection in most of these breeding programs is for a combination of production, conformation, and functional traits. Evaluation procedures like BLUP (12) have been developed to estimate breeding values of animals. The nature of the underlying genes (quantitative trait loci, QTL) affecting traits, however, is still largely unknown.
Recently, efforts have been undertaken to locate genes affecting economically important traits in dairy cattle. Genetic markers associated with these genes can be used in marker-assisted selection (MAS) to increase genetic progress (13) . For dairy cattle, the focus was initially on milk production traits. The granddaughter design (26) was used to locate genes involved in milk, fat, and protein production (1, 8, 11, 20, 22) . Implementation of MAS in breeding strategies for production traits has been started (21) .
However, MAS is expected to be especially beneficial for traits that cannot be improved very efficiently by current breeding programs, for example, due to low heritability (15) . Important traits in dairy cattle breeding with low heritability include functional traits like fertility and health traits. Although some markers associated with functional traits were reported (3, 4, 5, 27) , these studies were limited to only a few traits or used a marker map that was not very dense.
In this study, a whole genome scan using a dense marker map was applied to a granddaughter design in the Dutch Holstein-Friesian population to locate QTL for conformation and functional traits.
MATERIALS AND METHODS

Family Structure and DNA Analysis
Semen samples from 949 young bulls, progenytested in the Netherlands from July 1987 to September 1993 and belonging to 22 half-sib families, were collected, and DNA was extracted from these samples. To avoid effects of selection within families (18) , young bulls in a sampling region × period subclass were excluded from the analyses if only part of the young bulls in this subclass had DNA material available. After these edits, the data set consisted of 20 half-sib families with 833 sons. This granddaughter design was an extension of the design described previously by Spelman et al. (22) and used to detect QTL for production traits. The number of families was identical, but some grandsires had additional sons in the analyses. These sons did not have information on breeding values for production traits when Spelman et al. (22) performed their analyses. The number of young bulls per grandsire ranged from 12 to 147 with an average family size of 42. For each young bull and grandsire, genotypes for 277 microsatellite markers covering the 29 autosomes were determined as described by Georges et al. (11) or by using the "four dye-one lane" technology on an ABI373 or ABI377 sequencer. A linkage map for the 29 autosomes was constructed using CRIMAP (16) and ANIMAP (11) . The Haldane mapping function was used to calculate length of the chromosomes and the distance between markers on each chromosome (Table  1) . Total length of the genome was almost 3200 cM.
Average marker interval per chromosome ranged from 4 to 29 cM. A graphical representation of marker distribution and marker density can be found in Figure 1 .
Average heterozygosity for each chromosome was calculated as number of heterozygous marker loci across grandsires divided by number of marker loci across grandsires. Average heterozygosity per chromosome ranged from 45 to 73%. Average heterozygosity across chromosomes was 60% (Table 1) .
Trait Data
Data on many traits of dairy cows are routinely collected in the Netherlands. Systematic environmental factors, such as herd, year, and season of calving, influence these traits. BLUP procedures (12) estimated breeding values for 27 of these traits (Table  2) . These estimated breeding values were obtained in the national genetic evaluation by using a sire model or an animal model.
Data on calving ease and other birth traits are collected on offspring of young bulls. About 1000 inseminations per young bull are carried out, mainly on first lactation heifers. Calving survey cards to record birth traits on these heifers are supplied to farmers that have cows in calf to a young bull. Farmers score calving ease and birth weight and report to the national herdbook. Gestation length is derived from insemination date and birth date, which are in the national database.
Eighteen conformation traits are scored in the national herd classification system. All lactating heifers in herds participating in herd classification, i.e., 50% of all milk-recorded heifers (9) , are classified once. Each herd is visited approximately twice a year by a professional classifier. The conformation traits can be subdivided into four general characteristics and 14 linearly scored traits. At the time of classification, farmers report a linear score for milking speed and temperament of the heifer during milking. For each of the traits, the scale for scoring is divided into 9 classes.
Two fertility traits, interval between calving and first insemination, and nonreturn at 56 d postinsemination are derived from calving and insemination data. The trait "nonreturn at 56 d postinsemination" is a measure for pregnancy rate. All cows not offered for AI within 56 d after insemination are considered pregnant.
Data on cell count are collected in the official milkrecording scheme. The interval between two consecutive milk recordings is 3, 4, 5, or 6 wk. The frequency of collection of cell count data varies from once every milk recording to once every 5 milk recordings. Approximately 90% of the cows in the national milk-recording scheme are recorded for cell count (G. de Jong, 1999, personal communication) .
A more detailed description of the traits used in the analysis is given in Table 2 . Average number of sons with breeding values and number of granddaughters per son for each category of traits is also listed in Table 2 .
Statistical Analysis
Multimarker regression (14) of trait data was used to detect QTL by applying a weighted across-family analysis to each trait separately with the following model: Fraction of marker loci that are heterozygous, averaged across grandsires and all marker loci on each chromosome. 2 Calculated from variance of quantitative trait locus conditional probabilities at each centimorgan as a proportion of the variance when true descent is known and then averaged (22) .
where Y ij = deregressed estimated breeding value of son j of grandsire i, µ = overall mean, gs i = fixed effect of grandsire i, b ik = regression coefficient for grandsire i at position k on the chromosome, X ijk = probability that son j receives a chromosomal segment from grandsire i at position k, and e ijk = random residual.
With this model, the probability of a son inheriting a certain chromosomal segment of his sire was calculated. Trait data were regressed on this probability. Contribution of each sire in the regression analysis was weighted based on heritability of the trait and number of daughters (22) ; the weighting factors were weighted regression analysis. Deregression factors were based on number of daughters and the heritability of the trait, assuming that daughters were the only information source contributing to the estimated breeding value.
To test for the presence of a QTL, test statistics similar to an F-ratio were calculated for every position on all chromosomes. This test statistic is the ratio of the difference in residual sums of squares under the null hypothesis (no QTL) and residual sums of squares under the QTL model over the residual sums of squares under the QTL model.
Based on results from the across family analysis, a within-family analysis was carried out for areas with significant QTL to identify families segregating for the QTL and to estimate QTL effects.
Significance Thresholds
Chromosomewise significance thresholds were calculated by applying a permutation test as described by Churchill and Doerge (7) . Trait values together with weighting factors were reassigned randomly to the sons within a family. The new data set was analyzed and a new test statistic was calculated. This procedure was repeated 15,000 times to derive reliable thresholds. For computational reasons, however, permutation was done only for one chromosome. A chromosome was chosen that had average marker spacing and chromosome length, i.e., chromosome 11. Permutation was done for each trait separately, because distribution of the test statistic was dependent on the trait analyzed. This finding was also observed by Spelman et al. (22) . Genomewise thresholds, accounting for multiple testing across the genome, were calculated from chromosomewise thresholds by using the Bonferroni correction for testing across multiple chromosomes.
Thresholds used in this study were the 10% genomewise threshold and the threshold indicating suggestive linkage. Suggestive linkage was defined by Lander and Kruglyak (17) as "statistical evidence that would be expected to occur one time at random in a genome scan," i.e., finding one false positive in a genome scan. Considering n = 29 autosomes, the chromosomewise type I error rate α c to obtain genomewise suggestive linkage for a single trait can be approximated by nα c = 1, which results in α c = 0.0345.
RESULTS
Regression Analysis
Linkage between markers and traits was tested on 29 chromosomes for 27 traits. The 61 trait × chromo- some combinations exceeding the threshold for suggestive linkage are presented in Table 3 . It should be noted that, according to the definition of suggestive linkage, one false-positive result per trait is expected when there is no QTL. As can be seen from Table 3 , a few chromosomes are likely to contain genes for a number of traits. For example, QTL for the traits stature, chest width, body capacity, rump width, udder depth, rear udder height, size, dairy character, birth weight, and calving ease all map to chromosome 5. Figure 2 shows the test statistic profiles of the trait × chromosome combinations that exceeded the 10% genomewise threshold. These results will be discussed in more detail, together with other traits exceeding the threshold for suggestive linkage for that chromosome in the same region. Results from the withinfamily analysis for trait × chromosome combinations exceeding the 10% genomewise threshold are in Table  4 . Tabulated values for the F-distribution were used to determine significance of effects (P < 0.01) from the within-family analysis.
Chromosome 2. The peak test statistic for chest width (Figure 2a ) on chromosome 2 was at marker BM2113. The peak test statistic for body capacity was greater than the threshold for suggestive linkage, and this peak was also at marker BM2113. Calving ease of the daughters and nonreturn of daughters 56 d postinsemination also showed suggestive linkage for this marker. The highest test statistic for rump width was between markers TGLA110 and BM6444, which is about 24 cM from marker BM2113. Breeding values for conformation and workability traits are standardized to a scale with mean = 100 and standard deviation = 4. 3 Heritabilities as used in national evaluation procedure. 4 Breeding values from sire model (S) or animal model (A).
In the within-family analysis, Families 6 and 9 were segregating for a QTL for chest width (Table 4) . The allele substitution effect was 1.94 units for Family 6 and 2.71 units for Family 9, which is 0.43 and 0.61 genetic standard deviation units, respectively.
Chromosome 4. The largest test statistic for gestation length on chromosome 4 was between markers TGLA159 and TGLA420 (Figure 2b) . No indications were found for the presence of other QTL on this chromosome. One family was highly significant for the within-family analysis. The allele substitution effect was 0.97 d, which is 0.57 genetic standard deviation units (Table 4) .
Chromosome 5. The largest test statistics for stature and size were at location 122, which is between markers IGF1 and BM315 (Figure 2c ). The peak test statistics for other traits related to body size, such as chest width, body capacity, and birth weight, were also in the region containing marker BM315. Indications for QTL in this region were detected for udder depth and rear udder height close to marker IGF1, rump width at the end of the chromosome (marker AGLA22), and calving ease in the same region as chest width and body capacity.
The allele substitution effects estimated in families segregating for a QTL were in the range 0.36 to 0.78 genetic standard deviation units (Table 4) .
Chromosome 6. The peak test statistic for dairy character was found at the beginning of the chromosome at marker ILSTS090. Peak test statistics for size and stature were found close to this marker in the interval between ILSTS090 and MCM53 (Figure 2d) . The allele substitution effect for dairy character in the three families significant for this trait ranged from 0.39 to 1.02 genetic standard deviation units (Table 4) .
Chromosome 12. Chromosome 12 seems to contain a QTL that influences angularity. The highest test statistic was found between markers TGLA9 and AGLA226 (Figure 2e ). Four families were significant in the within-family analysis; the effect ranged from 0.29 to 0.50 genetic standard deviation units (Table 4) . Determined by permutation test. 4 Only presented when below a P-value of 0.10. Profile of test statistic for chromosome × trait combinations exceeding the 10% genomewise significance threshold. The value of the test statistic (vertical axis) is given for each location on the chromosome (horizontal axis; location in centimorgans). Position of the markers is indicated by triangles on the horizontal axis. The threshold for suggestive linkage and the 10% genomewise threshold are indicated by horizontal solid lines. Scale of the horizontal axis is equal for all figures. a) Test statistic profile of chest width on chromosome 2. b) Test statistic profile of gestation length on chromosome 4. c) Test statistic profile of stature, body capacity and size on chromosome 5. Indicated threshold levels for stature. Threshold levels for body capacity and size not shown, because they were close to the threshold levels for stature. d) Test statistic profile of size and dairy character on chromosome 6. Indicated threshold levels for dairy character. Threshold levels for size not shown, because they were close to the threshold levels for dairy character. e) Test statistic profile of angularity on chromosome 12. f) Test statistic profile of fore udder attachment on chromosome 13. g) Test statistic profile of fore udder attachment and front teat placement on chromosome 19. Indicated threshold levels are for front teat placement. Threshold levels for fore udder attachment were approximately the same and, therefore, are not shown. Standard error between brackets. 4 Expressed in genetic standard deviation units. *P < 0.01. **P < 0.001. ***P < 0.0001.
Journal of Dairy
Chromosome 13.
A QTL influencing fore udder attachment was located at the beginning of this chromosome near marker TGLA23 (Figure 2f ). Families 6, 9, and 11 were significant at this location. The most significant family at this location was Family 11. The effect estimated in this family was 7.22 units, which is 1.61 genetic standard deviation units (Table 4) .
Chromosome 19. Two udder traits, fore udder attachment and front teat placement, are influenced by QTL located on this chromosome close to marker BMS2503 (Figure 2g) . Family 3 had a significant effect of 0.87 genetic standard deviation units on fore udder attachment. Front teat placement was significant in Families 11 and 17, the allele substitution effect being 0.64 and 0.25 genetic standard deviation units, respectively.
DISCUSSION
Regression Analysis
The marker map used in the regression analysis had a relatively high marker density. The average marker interval across the genome of 12.8 cM. However, marker density varied between chromosomes because extra genotypes were available for chromosomes on which QTL for production traits were found in previous studies (1, 8, 22) .
Results were considered significant when a genomewise significance threshold of 10% was exceeded. Some other studies [e.g., (22, 27) ] have used experimentwise significance thresholds that account for multiple testing and have considered not only 29 chromosomes but also a number of independent traits. The number of independent traits, however, varies between studies, which makes comparison of results very difficult. To avoid this problem, genomewise thresholds were used, i.e., the thresholds were not adjusted for the number of traits.
The most significant results, with test statistics exceeding the 10% genomewise level, can be grouped into four categories. The QTL for traits related to body size were located on chromosomes 2, 5, and 6; QTL for udder traits were located on chromosomes 13 and 19; QTL for gestation length were located on chromosome 4; and QTL for angularity were located on chromosome 12.
On chromosome 2, the most significant QTL was for chest width (Table 3 ). In the same region, QTL for body capacity, rump width, calving ease, and nonreturn of daughters were located. Chest width, body capacity and rump width are related to size of the animal. Body size could have an influence on calving ease. A QTL for chest width, body capacity, and rump width thus might have a pleiotropic effect on calving ease. It should be noted that most data on chest width were derived from other traits, because chest width was not measured before 1996. Traits used to calculate chest width were stature, body capacity, and rump width.
On chromosome 5, QTL for stature, chest width, body capacity, rump width, and size were found between 122 and 181 cM (Table 3 ). All traits are related to size of the animal. The QTL for calving ease (at 166 cM) and birth weight (at 132 cM) were located in the same region (Table 3) , so a QTL for size-related traits might also affect calving ease and birth weight.
The QTL for stature, size, and dairy character were located in the same region (0 to 11 cM) on chromosome 6. Although the trait dairy character is not a size trait itself, it is strongly correlated with size and stature. Based on estimated breeding values of young bulls sampled from 1987 to 1993 and the repeatabilities of these estimated breeding values, the genetic correlation between stature and dairy character was around Position on the marker map used in the study in which the QTL was detected. 3 Position on the marker map used in the current study. Indicated only when possible to derive. *P ≤ 0.05. **P ≤ 0.01. ***Above threshold for suggestive linkage (experimentwise, correcting for number of chromosomes and number of traits analyzed).
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The most significant QTL on chromosome 13 at 0 cM affected fore udder attachment (Table 3) . A QTL for udder depth was located in the same region (23 cM). On chromosome 19, QTL for udder depth, fore udder attachment, and front teat placement were located between markers at 34 and 68 cM. Udder depth and fore udder attachment have a relatively high genetic correlation. Based on estimated breeding values of young bulls sampled from 1987 to 1993 and the repeatabilities of these estimated breeding values, the genetic correlation between fore udder attachment and udder depth was around 0.70.
Literature
Only a few studies on QTL affecting conformation and functional traits in dairy cattle have been pub-lished. Results related to the present study are presented in Table 5 and will be discussed here. Exact location of QTL in the present study and in the studies summarized in Table 5 is not known, which makes comparison difficult. It is possible, however, to indicate corresponding results. It should be noted that the studies presented in Table 5 are not completely independent. In the studies by Ashwell et al. (2, 3, 4, 5) , a granddaughter design consisting of seven large US Holstein families was used to detect QTL for milk production and composition, health, and conformation traits. The studies were different with respect to the microsatellite markers or the traits. A single-marker approach was used to detect QTL. In the first two studies (4, 5) , analysis was across families, whereas in the latter two studies (2, 3) , only an analysis within families was carried out. In two other studies (6, 27) , results are presented from a granddaughter design consisting of 14 grandsires with 1794 sons. The main differences between these studies were an additional trait, productive herd life, in the analysis by Zhang et al. (27) and the statistical method used to analyze the data. Zhang et al. (27) used variance components and least-squares methods, whereas Boichard and Bishop (6) used only least-squares methods.
Somatic cell score and udder traits. Many QTL for somatic cell score were detected (Table 5) , partly because somatic cell score was analyzed in six of the seven studies presented in Table 5 , whereas conformation traits were analyzed in only two studies. In our study, suggestive QTL for somatic cell count were located on chromosome 3, near marker BMC5227, and at location 70 on chromosome 18, between markers BM7109 and ILSTS002 (Table 3 ). This location is about 35 cM away from marker BM2078, where a QTL for somatic cell score was detected by Ashwell et al. (5) .
Other reported QTL for somatic cell score (Table 5) were not confirmed in our study. There were, however, indications for QTL near marker BM1258 on chromosome 23, affecting milking speed and fore udder attachment (Table 3 ). Both traits are genetically correlated with somatic cell score and mastitis resistance (10) . In two studies (2, 4), a QTL for somatic cell score was located on chromosome 23, near markers 513 and BM1258. Reinsch et al. (19) also reported a QTL for somatic cell count on chromosome 23, near marker RM033. This marker is about 10 cM from marker BM1258.
On chromosome 19, a QTL for somatic cell score was detected at 64 cM by Boichard and Bishop (6) . In our study, a QTL for udder depth was located at 34 cM, near markers TGLA94 and URB044. The QTL for front teat placement and fore udder attachment were also located on chromosome 19, near markers BMS2503 and BMS650, at 67 to 68 cM (Table 3) . These udder traits are genetically correlated with mastitis resistance and somatic cell score (10) , and the position of QTL for these traits might be similar to the position for a QTL for somatic cell score reported by Boichard and Bishop (6) .
Other conformation traits. In two studies (2, 3), a within-family analysis was carried out to detect QTL for conformation traits. Most significant QTL were detected for foot angle and for feet and legs on chromosome 9, udder depth on chromosome 23, and dairy form on chromosome 27 (Table 5 ). Spelman et al. (23) identified a QTL for stature on chromosome 14. These results were not confirmed in our study.
Experimental Power
The size of the effects found in this study was generally about 0.5 to 1 genetic standard deviation units. The QTL effect can be overestimated when the test statistic exceeds a certain significance threshold, especially when power to detect QTL is low (25) . Power of an experiment to detect QTL increases with increasing heritability of the trait. Heritability of analyzed traits ranged from 0.02 (nonreturn of daughters) to 0.60 (stature and size). Power was calculated for a similar design as used in this study and is given in Table 6 for various sizes of QTL effect, heritability, and frequency of the favorable QTL allele. Power is close to 1 for a QTL of size 1.0 σ G (where σ G = genetic standard deviation) and an allele frequency of 0.5, when herita-bility is 0.35 or 0.60. Although this situation is not very realistic, it gives an indication of the power of the design in extreme cases. It is hard to detect QTL in this experiment with an effect less than 0.5 σ G , unless the heritability of the trait and the frequency of the QTL allele are moderate to high (Table 6 ).
Marker-Assisted Selection
This study suggested the existence of many QTL for conformation and functional traits. The markers associated with the most significant QTL can be used in MAS for these traits. Whether or not results need to be confirmed before starting MAS, depends on how MAS is applied. Overestimation of the QTL effect would reduce long-term response, but this reduction is less when the QTL effect is reestimated after four generations of MAS (24), using BLUP-methods, and confirmation would not be necessary.
When MAS is applied to conformation and functional traits, problems may arise if there are negative effects on other economically important traits, such as production. Some of the QTL reported in this study were located on chromosomes that were reported to contain QTL for production (11, 22) . Before starting MAS for the reported QTL, the effects on other traits should be investigated.
CONCLUSIONS
Chromosomes 2, 5, and 6 may contain QTL for traits related to body size. These QTL may also have an effect on calving ease. Chromosomes 13 and 19 possibly contain QTL for udder traits that may also affect somatic cell score and mastitis resistance. Other indications for QTL were for gestation length on chromosome 4 and angularity on chromosome 12. If there are no negative effects on other economically important traits, MAS with markers associated with these QTL can be applied.
